This work presents well-defined and switchable micelles of block copolymers consisting of the two anionic polyelectrolytes sodium polyacrylate (NaPA) and sodium polystyrene sulfonate (NaPSS). Micellization occurs due to the specific binding of Ca 2+ to acrylate groups, which results in neutralization of the corresponding block and thereby formation of the hydrophobic core of the micelles. In contrast, the PSS block remains charged and forms the stabilizing shell. Micellization is triggered by variations of the Ca 2+ concentration or the temperature and is a fully reversible and repeatable process. Small-angle neutron scattering (SANS) could unambiguously reveal the structure of the micelles, using a partially deuterated polymer and the contrast variation technique. Considering the variety of metal cations and their broad spectrum of interactions with polyelectrolytes, this new class of like-charged block copolymers opens the door to a broad range of switchable and responsive polyelectrolyte-based systems. † Electronic supplementary information (ESI) available: Polymer synthesis, characterization, details on the SANS and SAXS experiments, the used form factor model and scattering length densities. See
Introduction
Block copolymers establish a family of versatile macromolecules, capable of combining diverse properties and response patterns in one polymer chain. 1, 2 They can mediate among different phases, acting as surfactants in aqueous media or compatibilizing two different non-miscible polymers. [2] [3] [4] Most of the works published so far on block copolymers deal with the combination of either two neutral polymers [5] [6] [7] [8] or one neutral and one charged block. [9] [10] [11] [12] [13] The present work establishes an entirely new strategy, where characteristic features of two different anionic polyelectrolytes shall be introduced into block copolymeric systems. The motivation for pursuing such a strategy is based on a rich variety of interactions between polyelectrolytes and metal cations in aqueous solutions. Such interactions may be purely electrostatic in nature, leading to counterion condensation and charge screening or they may be chemically specific. Such specific interactions corresponding to complex binding of the cations to the anionic residues neutralize the polyelectrolyte chains partly or entirely and drastically change their solution behavior. 14 We employ this specific interaction to form micelles.
Previous work addressed the specific interaction of Ca 2+ with sodium polyacrylate (NaPA), [15] [16] [17] [18] [19] [20] [21] where the cations form complex bonds with the negatively charged COO À residues of the PA chain. Upon increase of the Ca 2+ concentration the polyelectrolytes get increasingly neutralized by Ca 2+ until a critical concentration [Ca 2+ ] c is reached, beyond which a precipitation threshold according to [Ca 2+ ] c = m + r 0 [PE] (1)
is crossed for this particular system, where [PE] is the concentration of polyelectrolyte monomer units, m the minimum concentration of Ca 2+ required to precipitate the polymer at infinite dilution and r 0 reflects the stoichiometry of binding. Isothermal titration calorimetry with NaPA and Ca 2+ revealed a strong endothermic reaction thus supporting the strong binding of Ca 2+ to COO À 22 due to the release of two sodium cations and several water molecules upon binding. Consequently, temperature variations can be used as a second mode to control the phase behavior in addition to a variation of the Ca 2+ concentration. 23 An increase in temperature is expected to promote further binding of Ca 2+ to anionic PA chains and thus to induce precipitation of a CaPA phase. In contrast, sodium polystyrenesulfonate (NaPSS) and Ca 2+ do not show specific interactions. No matter how large the concentration of Ca 2+ gets PSS remains soluble in water. Light scattering and isothermal titration calorimetry demonstrated that PSS chains do not aggregate in the presence of Ca 2+ and no binding takes place. 24, 25 Blockcopolymers of PSS and PA combine this diverging response pattern toward Ca 2+ cations in one polymer. Whereas the PA block is expected to become decorated with Ca 2+ cations, thus changing its solution behavior in water drastically, the PSS block only interacts non-specifically with Ca 2+ , thus staying soluble. Only one publication is known to the authors, which reports on the synthesis of a PA-b-PSS block copolymer and applies it to form multi-layers by a layer-by-layer assembly. 26 In the present work, PA-b-PSS block copolymers are synthesized in order to investigate how the combination of the two different response patterns towards Ca 2+ affect the solution behavior of such block copolyelectrolytes. The investigation is motivated by the chance to unravel a new toolbox for the design of switchable materials to be controlled via the selection of block lengths, type of cation or temperature.
Results and discussion

Polymer characterization
Four different block copolyelectrolytes of PSS and PA are investigated in this work. Two polymers have a deuterated PA block, one with a long PA and a short PSS block (d 3 -PA 1190 PSS 70 ) and one with a symmetric block ratio (d 3 -PA 360 PSS 400 ). Deuteration facilitates a meaningful small angle neutron scattering experiment (SANS) based on contrast variation, which shall provide clear insight in the block copolyelectrolyte morphology induced by Ca 2+ cations. One further polymer serves as the fully hydrogenated reference for the asymmetrical case (h 3 -PA 1190 PSS 70 ) and the fourth polymer has a long PSS and a short PA block (h 3 -PA 100 PSS 750 ). The subscript denotes the degree of polymerization. Synthesis of the block copolymers proceeded via RAFT polymerization (Section 1 of the ESI †). In all cases, the shorter block served as macro RAFT agent, which was successively exposed to the RAFT polymerization of the second monomer. Characterization of the resulting block copolyelectrolytes was carried out with NMR and static and dynamic light scattering (SLS and DLS). NMR revealed the ratio between PA and PSS blocks, fully in agreement with the anticipated values. Although compatible with the formation of block copolymers, NMR cannot entirely exclude coexistence of the blocks as separate coils. SLS and DLS further support the formation of the proper block copolyelectrolytes as the values for the respective weight averaged molar mass values M w are in agreement with the values calculated from NMR and DLS in no case showed a second mode. Characterisation of polyelectrolytes with size exclusion chromatography (SEC), particularly in cases of more complex morphologies such as block copolyelectrolytes, is extremely challenging. 27 We tried to develop a SEC-protocol in aqueous 0.1 mol L À1 Na 2 HPO 4 and failed to obtain meaningful results. As shall be outlined later on, SANS at variable scattering contrast, which is the major tool of the present work in unravelling the morphology of the resulting aggregates, provides an independent proof of the successful connection of the two blocks. The characterization of all four block copolyelectrolytes are summarized in Table 1 . Detailed data are given in Section 2 of the ESI. †
Phase behavior in the presence of Ca 2+
The set of block copolyelectrolytes reveals a remarkable response pattern in aqueous solutions of CaCl 2 . At low Ca 2+ concentrations, all samples show single chain behaviour. With increasing CaCl 2 concentration, the polymer with the longest PA block (PA 1190 PSS 70 ) reaches a threshold beyond which stable aggregates are formed ( Fig. 1A ). This is in contrast to pure PA, which exhibits a precipitation threshold instead. The line of aggregation shows the same trend as the respective precipitation threshold in case of pure PA. 15 Upon further increase of the Ca 2+ concentration, a second threshold line appears depicting precipitation of the aggregates.
Noteworthy, the exchange of deuterated by hydrogenated PA (d 3 -PA 1190 PSS 70 versus h 3 -PA 1190 PSS 70 ) does not affect this solution behavior. By decreasing the PSS/PA block ratio to the symmetric case (d 3 -PA 360 PSS 400 ), the regime of stable single (1)) now to domains of stable aggregates keeping them in solution. However, the short PSS blocks cannot prevent precipitation of the polymers at very high Ca 2+ content establishing a second phase boundary. These findings suggest that the aggregates adopt a micellar shape where the Ca 2+ /PA complexes caused by specific interactions form the less soluble core with this core being stabilized by the dangling and still soluble anionic PSS blocks. This morphology justifies the use of the term micelles from now and the structure of those micelles will be intensively characterized by means of SANS at variable contrasts. However, before addressing this important question, an exciting feature, which can be inferred from our hypothesis shall be outlined. If the specific binding of Ca 2+ to the PA block is responsible for the formation of stable aggregates, formation of micelles and subsequent re-dissolution may occur in reversible cycles upon repeated addition of Ca 2+ and subsequent removal by addition of the disodium salt of ethylenediaminetetraacetic acid (EDTA).
In order to demonstrate this anticipated reversibility of micelle formation induced by Ca 2+ , we added Na 2 EDTA to a solution of h 3 -PA 1190 PSS 70 micelles. Fig. 2A shows the molecular weight M w from SLS for multiple subsequent additions of Ca 2+ and EDTA. The first point of M w corresponds to the polymer solution in 0.1 mol L À1 NaCl in the absence of Ca 2+ . Each Ca 2+ aliquot addition induces an increase of the molecular weight by more than two orders of magnitude. Upon subsequent addition of EDTA, M w drops to close the initial value where Ca 2+ was absent. Hence, the micelle formation can be quantitatively reversed by the addition of a complexing agent such as EDTA, which removes Ca 2+ from the equilibrium and subsequent addition of Ca 2+ re-triggers micellization. The hydrodynamic radius R h shows a similar trend and is shown in the ESI † (Fig. S14) .
The responsivity of the PA block towards Ca 2+ cations offers another way to trigger the process of micellization. As the specific binding of Ca 2+ to COO À is driven by entropy due to the release of several water molecules and two sodium cations, 22 temperature can be used to influence the binding and therefore the solubility of the PA block. An increase of temperature at a given level of decoration by Ca 2+ is expected to increase the amount of bound Ca 2+ and thus promote micellization. 23 In order to demonstrate this, we prepared a sample of h 3 -PA 1190 PSS 70 close to the threshold line separating single chains from micelles. As demonstrated in Fig. 2B , we can repeatedly trigger the micelle formation and reverse it by increasing and lowering the temperature in cycles. The temperature effect arises from the entropy driven binding of Ca 2+ to PA. 22, 23 Both experiments revealed the reversible but specific binding of a metal cation selectively to only one of the two anionic blocks as a new system to trigger micellization at ambient conditions. This high versatility of the presented block copolyelectrolyte system should open the route to functional materials for sensing or schizophrenic micelles or for cargo transportation and release.
Micelle structure probed by SANS
Extended SANS and small-angle X-ray scattering (SAXS) experiments have been carried out on all four polymer samples in order to reveal the morphology of the micelles hold together by Ca 2+ cations. The present work shall focus on the detailed contrast variation experiments carried out with the samples d 3 -PA 360 PSS 400 and d 3 -PA 1190 PSS 70 . Two striking features can already be extracted from these contrast variation experiments without making any assumptions on a particular model of the aggregates. The first feature refers to the integrity of the block copolyelectrolytes and 
View Article Online
the second addresses the question whether the PA blocks establish the core or the corona of the micelles. All parameters necessary to describe the scattering contrasts of the PSS blocks and of the PA blocks in terms of scattering length densities at variable H 2 O/D 2 O ratios are available in the Section 4 of the ESI. † By using the chemical composition and the scattering length densities, the match point of the forward scattering can be predicted for both block copolyelectrolytes (Fig. 3A) . Since the chemical composition and therefore the match point is independent on whether block copolymers are present as single chains or as micelles, we can use this information and the experimental forward scattering to verify the success of the block copolymer synthesis. As is outlined in Fig. 3A , the experimentally found match point is identical within experimental uncertainty with the predicted one. This gets noticeable in the most straightforward manner with sample As a next step, the chemical nature of the core and corona shall unambiguously be resolved by model independent data from SANS at variable contrast. All SANS (Fig. 4) and SAXS ( Fig. S15 and S16, ESI †) scattering curves exhibit characteristic oscillations indicating particles with a regular shape like a spherical symmetry. 30 In the limit of high q, power laws may indicate fractal-like features. An exponent of À4, which is observed close to 48.6% D 2 O, the match point for PSS chains, signals a sharp boundary of a core surface, 31 in line with a PA core. On the other hand, an exponent close to À2, which indicates scattering dominated by polymer coils, 32 is found in pure D 2 O. As the scattering of deuterated PA is very weak in pure D 2 O this exponent can be assigned to the PSS chains closing the corona with their dangling ends. Even stronger hints for the distribution of the two blocks among core and corona is received from the low q-limit. The radius of gyration extracted from the initial slopes of the scattering curves from particles with components or compartments differing in their scattering contrast is an apparent value. The variation of this radius of gyration R g with varying scattering contrast can be represented as a plot of R g 2 versus the inverse averaged excess scattering length density of the total particle with respect to the solvent. Stuhrmann 28 demonstrated that this correlation depends on the morphology of the scattering particles. Trends for core-shell structures give a negative slope if the core has a higher local scattering length density than the shell or corona and a positive slope if the shell (or corona) has a higher density. As is shown in Fig. 3B , the trends observed with the two present polymers is negative. This is a clear-cut evidence for the fact that PA forms the core.
Having provided compelling evidence for the Ca 2+ -induced formation of micellar like aggregates of PA-b-PSS-block copolyelectrolytes with PA blocks in the core, the detailed SANS and SAXS data at variable scattering contrast shall finally be interpreted with a suitable micellar model being composed of block copolymers. Such a model has been provided by Pedersen et al., 29 where one block species is forming the core and the other one the corona of a micellar like aggregate. The model parameters include an aggregation number N agg based on a lognormal distribution, the radius of the core R core , the molar volume of the Ca 2+ cations and a variable content of water molecules in the core. Using the proper scattering contrast from Table S2 (ESI †), a global fit with common fitting parameters of the SANS and SAXS curves has been performed. The procedure has been carried out for both polymer samples with deuterated PA blocks. A detailed outline of the fit procedure together with a complete list of fit parameters is given in Section 5 of the ESI. † In short, polymer d 3 -PA 360 PSS 400 reveals an aggregation number of N agg = 19.6, independent of the composition of the solvent, resulting in a core radius R core = 8.8 nm. Strikingly, aggregation numbers for the polymer with the longer PA block d 3 -PA 1190 PSS 70 shows a much larger aggregation number of N agg = 168 and along with it, a larger core of the micelles R core = 26 nm compared to the micelles of the polymer with symmetric block This weak dependence is most likely an isotope effect on the solvent quality. Such effects are common in polymer science and are for instance observed for the theta temperature of polymers in ideal solvents, which also slightly changes if either the solvent or the polymer is deuterated. 33, 34 Fits to all SANS curves are included in Fig. 4A and B . Fits where the core is formed by the PSS blocks instead of the PA blocks have also been carried out. However, this model is not able to describe the data (see Section 5 of the ESI † for details) thus further supporting core formation by Ca 2+ /PA complexes and not by PSS.
Finally, one observation revealed by the fits deserves special attention. The scattering curves could only be successfully reproduced with the present core-corona model 29 once a considerable amount of water molecules is incorporated into the core. The values received for both polymers are 12 water molecules per acrylate monomer, amounting to some 85% by volume of the core. This nicely shows that the mechanism of the PA/Ca 2+ core formation is a liquid-liquid phase separation as already found for the PA homopolymer and Ca 2+ . 35, 36 
Conclusion
To summarize, we succeeded in presenting block copolymers based on two anionic polyelectrolyte blocks as a new class of double hydrophilic block copolymers with an unusual solution behavior in aqueous solution containing Ca 2+ cations. Whereas pure PA precipitates at large enough concentrations of Ca 2+ due to specific interactions of the COO À residues with Ca 2+ , [15] [16] [17] [18] [19] [20] [21] pure PSS only shows counter ion condensation and electrostatic screening. 24, 25 A combination of these two features in one block copolyelectrolyte leads to micelle formation instead of PA precipitation, with the PA blocks forming the core. Micelle formation is triggered by alternately adding Ca 2+ cations and Na 2 EDTA to a polymer solution. Even more striking is the feature that the entropic nature of the Ca 2+ binding to the NaPA-blocks can be used to switch micellization. Application of small temperature changes reversibly form (DT 4 0) and dissolve (DT o 0) micelles. The micelles are stable and soluble due to the PSS blocks. Micelle formation is entirely reversible, indicating a new route for up-taking and releasing cargo. Increasing the ratio of the block length of PA/PSS increases the aggregation number and weakens the solubilizing power of the PSS corona. Micellization can be tuned by varying the amount of Ca 2+ cations and by varying the temperature. 22, 23 The solid lines represent fits to the form factor of a polydisperse block copolymer micelle. 29 An overview of the fit results can be found in Table S3 of the ESI. † The sketches in the middle illustrate the scattering contrast of the d 3 -PA 360 PSS 400 micelles for selected H 2 O/D 2 O ratios.
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Given the large variety of metal cations, capable of interacting specifically with one or both blocks in the same or different way 14, 15, 24, 37, 38 and taking further into account the impact of environmental conditions like pH, ionic strength and temperature, an extremely rich pattern of responses can be expected from PA-b-PSS block copolymers. This prospective makes PA-b-PSS block copolymers a highly promising new material. Schizophrenic micelles, 39 new contrast agents by utilizing Gd 3+ or Eu 3+ or new strategies for ion separation are just a few of the possible applications of like-charged block copolyelectrolytes.
Experimental details
Polymer synthesis, characterization, details on the SANS and SAXS experiments, the used form factor model and scattering length densities can be found in the ESI. †
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